1 Silicon (Si), in the form of dissolved silicate (DSi), is a key nutrient in marine and continental 2 ecosystems. DSi is taken up by organisms to produce structural elements (e.g., shells and
9
under pristine conditions, that is, prior to human perturbation (Dürr et al., submitted). The 1 estimated river DSi flux (6.2 Tmol y -1 ) thus implicitly corrects for the drop in DSi 2 concentration in the downstream reaches of rivers that has accompanied the extensive 3 building of dams since the 1950s (Humborg et al., 2006) . Note that, while the main source of 4 reactive Si for the oceans is in the form of DSi, the contribution of riverine bSiO 2 delivery 5 (F C4P2 ) is far from negligible (Conley et al., 2000) . Reactive Si is also supplied to the oceans 6 via the atmosphere with eolian dust (F C2O2 ), although this flux is most likely very small 7 (Tréguer et al. 1995) Transport fluxes of DSi into the ocean (F P1S1 , F S1O1 , F O3S1 , F O3O1 , F O5O3 ), as well as 10 export fluxes of bSiO 2 from the proximal zone to the distal zone (F P2S2 ) and from the distal 11
zone to the open ocean (F S2O2 ), are assumed to be directly coupled to the water cycle. That is, 12 the flux of DSi or bSiO 2 exiting the reservoir is related to the mass of DSi or bSiO 2 in that 13 reservoir according to: 14
where F ij and Q ij are, respectively, the fluxes of reactive Si and water from reservoir i to 16 reservoir j, S i is the mass of DSi or bSiO 2 in reservoir i, and V i is the volume of the reservoir. 17
The remaining transport fluxes correspond to sedimentation (F O2O4 , F O4O6 ) and 18 deposition of bSiO 2 (F C4C5 , F P2P4 , F S2S4 , F O6O8 ), and the efflux of DSi from sediments (F C5C3 , 19 F P3P1 , F S3S1 , F O7O6 ). In the marine realm, these fluxes are relatively well constrained by 20 observations. Sedimentation rates and DSi fluxes from sediments can be determined directly 21 with sediment traps and benthic chambers, respectively (Koning et al., 1997; Rao and Jahnke, 22 2004 ). Furthermore, numerous estimates of benthic DSi efflux have been calculated from 23 measured pore water profiles (Rabouille et al., 1993; Dixit and Van Cappellen, 2003) . 24 10 A widely used approach in biogeochemical box modeling is to relate the reservoir 1 sizes and fluxes via linear expressions, 2
where k ij is a first order rate constant (Lasaga, 1981; Chameides and Perdue, 1997; Mackenzie 4 et al., 1998) . Values of k ij range from values of 1 y -1 , for example for biological DSi uptake 5 and bSiO 2 dissolution in aquatic environments, to values of 10 -3 y -1 or less for groundwater 6 transport of DSi or burial of bSiO 2 in the deep-sea sediments. 7 8
Model simulations 9
The mass balance equations for the various reactive Si reservoirs, based on the linear 10 flux equations (2), are solved in MATLAB using Euler's method. The steady-state silica cycle 11 represented in Figure 2 is taken as the initial condition. After verifying that the state variables 12 exhibit no drift under time-invariant conditions, a time-dependent change in forcing is 13 imposed, as detailed below. The system behavior is monitored for a period of 150 years, using 14 an integration time step of 0.01 y. The starting time of the imposed perturbations is nominally 15 set to 1950. 16 To simulate the response of the Si cycle to a global temperature increase, three 17 different time-courses for mean surface air temperature are considered (low, medium and 18 high; Figure 3 ), based on projections of the Intergovernmental Panel on Climate Change 19 (IPCC, 1995) . The three scenarios diverge after the year 2000. For simplicity, linear functions 20 are used to describe the rising air-temperature. Temperatures of surface waters (Box 1a, Box 21 2, Box 3 and Box 4a) are assumed to follow air temperature, while the magnitude of the 22 temperature rise of the intermediate oceanic waters is four times lower (Levitus, 2000) . The 23 initial temperature of the intermediate water is set to 5°C (Yool and Tyrell, 2003) . 24
11
The processes that are directly affected by temperature in the simulations are 1 biological DSi uptake, bSiO 2 dissolution and chemical weathering. The model assumes that, 2 at the spatial and temporal scales resolved, an increase (decrease) in siliceous phytoplankton 3 production results in an increase (decrease) in DSi fixation. In particular, we assume that a 4 temperature-dependent change in primary production by diatoms causes a proportional change 5 in DSi uptake. The temperature dependence of DSi uptake in continental and marine 6 environments is described by the Eppley function ( uptake rate∝ e 0.07•T ( ) , where T is 7 temperature in °C, Eppley, 1972) . This exponential function is widely used to describe the 8 response of planktonic communities to temperature variations, except under extreme 9 temperature conditions (Pasquer et al., 2005) . This formulation implies the assumption that 10 changes in DSi uptake linearly follow diatom growth. In the absence of relationships 11 specifically describing the temperature dependence of DSi uptake by higher plants on land, 12 we opt for a simple Q 10 function, whereby the uptake rate doubles with every 10°C 13 temperature increase (Winkler et al., 1996) . The Arrhenius equation is used to correct the rates 14 of bSiO 2 dissolution and silicate weathering (Lasaga, 1998 added to the flux equation describing bSiO 2 accumulation in sediments on the continents 23 (F C4C5 ). This coefficient is assigned a value of 1 at the start of the simulation and afterwards 24 varies proportionally with changes in the number of dams. Gleick (2003) has projected future 25 damming pressure over the next 25 years by relating global water use to the number of new 1 dams (Rosenberg et al., 2000) . Based on this work, and the assumption that global water use 2 is proportional to the world's population, we estimate that the number of dams should 3 increase by 20% with an increase of the world's population by 1.9 billion people. Three 4 damming scenarios are then considered, based on three projections for the change in the world 5 population until the year 2100 (UN, 2005) . The low, medium, and high damming scenarios 6 are shown in accompanying a warming of the surface ocean will modify the exchanges of DSi between the 13 surface and deeper parts of the oceans, thereby affecting marine biosiliceous productivity (see, 14 e.g., Yool and Tyrell, 2005 includes an explicit representation of DSi and bSiO 2 cycling on the continents. Nevertheless, 23 due to the relative scarcity of data, the estimates of the continental reservoir masses and fluxes 24 have large uncertainties associated with them. For instance, the calculation of bSiO 2 stock in 25 13 soils assumes an average concentration of 5 mg phytoliths per g of soil. While the latter value 1 is consistent with the bSiO 2 determinations in soils that have been made so far (Alexandre et  2 al., 1997; Conley, 2002b; Clarke, 2003; Sferratore et al., 2006) , it remains to be seen how 3 representative the relatively limited set of existing measurements is for the global soil 4 reservoir. 5
According to our estimates, phytoliths in soils and living terrestrial biomass constitute 6 the largest fraction (65%) of the continental reactive Si reservoir. The amount of Si fixed by 7 terrestrial and aquatic organisms on the continents on a yearly basis is estimated to be 89 8
Tmol y -1 . This value lies within the range of 60-209 Tmol y -1 given in the literature (Conley, 9 2002b ) and is of the same order of magnitude as the rate of Si fixation in the oceans (244 10 Tmol y -1 ). Thus, Si biomineralization on the continents is an important component of 11 biological Si cycling on Earth (Conley, 2002a) . As in the marine realm, siliceous productivity 12 on the continents relies on the efficient regeneration of nutrient DSi through bSiO 2 13 dissolution. In our budget, 80% of the continental bSiO 2 produced is recycled, while the 14 remainder accumulates in lacustrine sediments and in soils (Kendrick and Graham, 2004), or 15 is exported to the oceans. Based on the estimates in Figure 2 , the residence time of reactive Si 16 on the continents is estimated to be 775 years. 17
Most reactive Si is delivered to the oceans by rivers under the form of DSi (F C1P1 ; 6.2 18 Tmol y -1 ). Nonetheless, the alternative supply routes of riverine bSiO 2 delivery (F C4P2; 1.1 ± 19 0.2 Tmol y -1 ), submarine groundwater discharge (F C1P1; 0.4 ± 0.4 Tmol y -1 ) and atmospheric 20 transport (F C2O2; 0.5 ± 0.5 Tmol y -1 ), together contribute about 25% of the transfer of reactive 21
Si from the continents to the oceans. When hydrothermal inputs are also included (F hyd; 0.6 ± 22 0.4 Tmol y -1 ), we estimate the total reactive Si delivery to the ocean to be 8.8 ± 1.5 Tmol y -1 . 23 In comparison, Tréguer et al. (1995) estimated the total reactive Si supply to the oceans to be 24 6.7 ± 1.5 Tmol y -1 . These authors, however, did not account for the reactive Si input from 25 14 groundwater discharge and riverine bSiO 2 . It should further be recognized that all regional 1 sources of Si may not have been identified yet. For example, the venting of crustal fluids in 2 the North Pacific has only recently been suggested to contribute as much as 1.5 ± 0.5 Tmol y -1 3 to the global oceanic Si budget (Johnson et al., 2006) . 4
Assuming an initial steady-state, the sum of the inputs to the ocean is balanced by that 5 of the outputs, and thus burial and reverse weathering should together yield a total removal 6 flux of 8.8 Tmol y -1 . This value falls within the range for total reactive Si removal from the DeMaster's oceanic silica budget omits riverine supply of bSiO 2 and groundwater DSi 25 15 discharge. Our relatively high estimate for bSiO 2 accumulation in coastal sediments is 1 consistent with the inclusion of these additional reactive Si inputs to the coastal zone, as well 2 as the upward revision of the riverine DSi supply (6.2 versus 5.6 Tmol y -1 ). The preferential 3 burial of bSiO 2 in nearshore and shelf sediments is not only due to the relatively high 4 sedimentation rates, but also to enhanced preservation resulting from interactions between 5 deposited bSiO 2 and constituents solubilized from lithogenic minerals and the formation of Water column residence times of reactive Si are somewhat shorter than the 12 corresponding water residence times (Table 4) The results of the sensitivity analysis are summarized in Table 5 . DSi and bSiO 2 16 concentrations of proximal coastal waters are most sensitive to chemical weathering of 17 continental rocks (F w ), terrestrial (F C1C2 ), riverine (F C3C4 ) and proximal coastal siliceous 18 production (F P1P2 ), and bSiO 2 dissolution on the continents (F C2C1 , F C4C3 , F C5C3 ). Overall, 19 enhanced production and sedimentation lead to lower DSi and bSiO 2 concentrations, while 20 increased dissolution results in larger stocks of reactive Si in the water column. The main 21 difference in the sensitivity of DSi and bSiO 2 concentrations in the proximal zone is related to 22 the deposition of bSiO 2 in nearshore sediments (F P2P4 ). While increasing k P2P4 causes a 23 significant drop (-15%) of the bSiO 2 concentration in proximal waters, the DSi concentration 24 is hardly affected. The latter reflects the fact that internal recycling of DSi via dissolution of 25 bSiO 2 within the proximal zone (F P2P1 , F P4P3 ) is much less important than continental DSi 1 input ( Figure 2 ). Thus, with the exception of nearshore siliceous production, reactive Si 2 dynamics in the proximal zone are primarily controlled by processes taking place on the 3 continents. 4
The sensitivity analysis reveals a different picture for the distal coastal zone (Table 5) . 5
DSi and bSiO 2 concentrations in the distal coastal waters are most sensitive to internal 6 processes. These include DSi uptake and bSiO 2 dissolution in the water column (F S1S2 , F S2S1 ), 7
as well as deposition (F S2S4 ) and dissolution of bSiO 2 in the sediments (F S4S3 ). Among the 8 sensitive upstream processes, those on the continents, especially terrestrial bSiO 2 production 9 and dissolution (F C1C2 , F C2C1 ) and weathering (F w ), are more important than those in the 10 adjacent proximal coastal zone, although absolute changes larger than 4% are not observed. As expected, the sedimentary bSiO 2 pool on the continents increases as biosiliceous 24 debris accumulates behind the growing number of dams. The decreased continental supply of 25 21 reactive Si causes a relative drop in sediment bSiO 2 in nearshore marine sediments and an 1 increase on the continents. It should be borne in mind, however, that the reservoir size of 2 proximal coastal zone sediment bSiO 2 (110 Tmol Si) is much smaller than that of continental 3 sediments (1417 Tmol Si). At the scale investigated in our simulations, damming causes more 4 bSiO 2 to be trapped in continental sediments than lost from proximal sediments. Table 4 ). This is 18 not the case for the sediment bSiO 2 concentrations in the same reservoirs. Because of much 19 longer residence, and hence response times, the initial trends (i.e., for the period 1950-2000) 20 are projected into the future with still little differentiation in sediment bSiO 2 concentrations 21 among the scenarios by the year 2050. Table 3 . Silicon fluxes in the model. V and VS refer to the volumes of water and sediment reservoirs, respectively, Si/C is the molar Si to carbon ratio of primary production, M(Si) and M(C) stand for the atomic mass of Si and C respectively.
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